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Abstract 
 
Carbonate-replacement Pb-Zn-Ag deposits in the Lavrion district, Greece, are spatially 
related to a 7 to 10 Ma granodiorite intrusion and various sills and dikes of mafic to acid composition. 
The Plaka granodiorite contains porphyry molybdenite mineralization and is spatially associated with 
a Cu-Fe skarn. Carbonate-replacement deposits occur predominantly in marbles (Upper and Lower 
marble of the Basal Unit), Kaesariani schists, and along a major detachment fault.  Orebodies are 
mainly manto-style, but mineralization also occurs in veins.  The mineralogy of carbonate-
replacement deposits is dominated by base metal sulfides and sulfosalts of Ag, Bi, Sn, Sb, As, and Pb, 
particularly at Plaka and Kamariza.  Carbonates are intergrown with earlier sulfide and sulfosalt 
mineralization, but are more abundant late in the paragenetic sequence with fluorite and barite. Fluid 
inclusion studies of sphalerite, fluorite, calcite, and quartz in carbonate-replacement deposits suggest 
that they were deposited in thermal pulses (132o-365oC) from CO2-poor, low- to moderately-saline (1 
to 20 wt% NaCl equiv) fluids.     
Carbon and oxygen isotope compositions of calcite (δ13C = -15.6 to -1.5‰ and δ18O =     -9.2 
to 17.3‰) intergrown with sulfides reflect variable exchange of the ore-bearing fluid with the Upper 
and Lower marbles and proximity to the Plaka granodiorite.  Post Archean Australian Shale (PAAS)-
normalized rare earth and yttrium (REY) patterns of the Upper and Lower marbles, and calcite 
intergrown with sulfides show positive Eu and negative Ce anomalies as well as Y/Ho ratios between 
40 and 80.   Normalized REY patterns of fluorite also have positive Eu and negative Ce anomalies.  
Such anomalies for both the carbonates and fluorite reflect the high pH or low fO2 conditions of the 
late-stage hydrothermal fluids and the likely derivation of Ca for these minerals from marine 
carbonates (precursors of the Upper and Lower marbles).   
The range of sulfur isotope compositions for sulfides (δ34S = -4.9 to 5.3‰, with one outlier of 
9.4‰) is due to a magmatic sulfur source and a possible contribution of reduced seawater sulfate).  
Assuming an average temperature of 250oC, as based on fluid studies, sulfides in carbonate 
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replacement deposits were deposited at values of log fO2 = -41 to -36, and a pH = 5.8 to 9.1.  Sulfur 
isotope compositions of barite (δ34S = 17.2 to 23.7‰) reflect a seawater source. The carbonate 
replacement deposits resemble manto-type sulfide deposits in Mexico, central Colorado, Nevada, and 
northern Greece.  
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Introduction 
 
The famous Lavrion Pb-Zn-Ag district of southeastern Attica, Greece, is one of the oldest 
mining districts in the world, first opening almost 3,000 years ago.  The ancient Greeks began 
underground mining around the 7th century BC and continued through to the 1st century BC.  
Conofagos (1980) estimated that 1.4 million tonnes at 20% Pb and 3500 tonnes of Ag at 400 g/t were 
extracted during this time period. Modern mining of the district was conducted by Greek Metal 
Works Company of Lavrio (1873-1917) and the Compagnie Francaise des Mines du Laurium.  These 
companies removed approximately 0.9 million tonnes at 3% Pb and 4200 tonnes of Ag at 140 g/t 
(Conofagos, 1980).   
The Lavrion district occurs in the Attic-Cycladic mineral belt, which extends from the 
southern part of Greece, through the Cyclades, and into western portions of Turkey (Fig. 1).  Within 
this belt, various types of hydrothermal sulfide mineralization were identified by Skarpelis (2002) 
including epithermal vein, skarn, carbonate replacement, and detachment fault-hosted.  Low- and 
high- sulfidation epithermal gold deposits as well as base metal vein mineralization, occur in the 
Cyclades at, for example, Kythnos, Antiparos, Milos, Tinos, Andros, and Mykonos islands (e.g., 
Skarpelis, 2002; Alfieris and Voudouris, 2007; Tombros et al., 2007), whereas skarn-type 
mineralization is present on Serifos, Thera, and Tinos islands (Salemink, 1985; Skarpelis, 2002; 
Tombros et al., 2007).  Carbonate-replacement lead-zinc-silver mineralization occurs at Lavrion and 
on Sifnos island (Skarpelis, 2002). Base metal sulfides were also reported by Skarpelis (2002) in 
barite veins on Mykonos island.  In addition to carbonate-replacement lead-zinc-silver mineralization, 
porphyry-style, skarn, vein, and breccia-hosted sulfide mineralization is also found in the Lavrion 
district.  
Several geological studies have been conducted on the Lavrion district, including those of 
Lepsius (1893) and Marinos and Petrascheck (1956), who evaluated the stratigraphic and structural 
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setting, the spatial relationship of the mineralization to the host rocks and the genesis of the 
carbonate-replacement mineralization. Structural studies were done by Kessel (1990a,b) and 
Photiades and Carras (2001); the latter of which summarizes earlier structural and stratigraphic 
studies.  Mineralogical and petrographic studies of contact and regional metamorphism were 
undertaken by Baltatzias (1981) and Baltatzias (1996), respectively, while geochronological studies 
focused on the Plaka granodiorite in the Lavrion district (e.g., Altherr et al., 1982; Marinos 1971; 
Wagner (in Altherr et al. 1982); Liati et al., 2007).  However, no age dating studies have been 
performed directly on the sulfide mineralization. 
Mining was focused in two major areas, Kamariza and Plaka; however, over 1,000 mine 
shafts and approximately 3,000 km of underground workings are located throughout the 50 km2 
district (Kohlberger, 1976).  Extensive mineralogical and mineral chemistry studies were done by 
Voudouris and Economou-Eliopoulos (2003), Voudouris (2005), Skarpelis (2007), and Voudouris et 
al. (2008a, b) on primary minerals mainly from the bedded replacement ores in the Kamariza and 
Plaka districts.   
Different genetic models have been proposed for the formation of sulfides in carbonate-
replacement Pb-Zn-Ag deposits at Lavrion.  Marinos and Petrascheck (1956) suggested that they 
were replacement-type ores that formed during the Miocene, however, Leleu (1966) considered there 
was a genetic relationship between the sulfides and granitoids in the area. He considered that these 
granitoids formed during the lower Mesozoic.  On the basis of fluid inclusion data obtained from 
fluorite, Kalogeropoulos and Mitropoulos (1983) proposed that ores were of the Mississippi Valley-
type (MVT), while Skarpelis (2002, 2007a) suggested that the ores were of the manto-type and were 
similar to deposits in northern Greece (e.g., Chalkidiki), northern Mexico, and the western United 
States.  Voudouris et al. (2008a) considered that was a genetic relationship among the porphyry 
molybdenite, skarn, breccia-hosted, vein, and bedded replacement mineralization in the Lavrion area 
and that the source of the metals was derived from the Miocene granitoid intrusions and dikes.  
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Relatively few fluid inclusion analyses were obtained on gangue minerals associated with 
sulfide mineralization in the Lavrion district, these studies focused mainly on carbonate replacement 
mineralization at Kamariza and Plaka (Kalogeropoulos and Mitropoulos, 1983; Mitsaki, 1972; Knoll, 
1988; Skarpelis, 2002).  Additional fluid inclusion data, along with stable isotope and rare earth 
element studies of the ore system, were obtained recently by Bonsall et al. (2007a, b) and Skarpelis et 
al. (2007a) but have been published in abstract form only.       
The current study further investigates the genetic model of Voudouris et al. (2008a) through the 
use of fluid inclusion, stable isotope (S, C, and O), and major and trace (including rare earth 
elements) studies.  We focus primarily on samples collected from carbonate-replacement Pb-Zn-Ag 
ores and Vein 80 with the aim of being able to determine the conditions and source of the ore- and 
gangue-forming fluids and metallic elements. Major and trace element data were also obtained from 
samples of the Plaka granodiorite and various mafic to acidic dikes in the Plaka and Kamariza areas. 
Interpretations from these geochemical data are made in the context of available stratigraphic, 
structural, mineralogical, petrological, and geochronological studies in the literature and on-going 
mineralogical studies. 
 
Samples and Methods 
  
Samples of ore were collected from underground locations at the Jean Baptiste, Ilarion, 
Serpieri, Isabella, Clemence, Christina, Adami, Avlaki, Villia, Megala Pefka, Kiafa Mariza, 
Esperanza, and Sounio deposits.  Dikes of mafic to acid composition were also obtained from 
underground locations at the Villia, North Serpieri (Kamariza), and Plaka areas, whereas samples of 
the Plaka granodiorite were collected from surface locations only.  All samples were made into 
polished-thin sections and examined with an Olympus BX-60 dual reflected-transmitted light 
microscope.  Details of the geological setting of these deposits are given in Table 1. 
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Major (SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, MnO, TiO2, P2O5, SO3, H2O+) and trace 
element (Be, Ce, Co, Cr, Cu, Ga, La, Nb, Nd, Ni, Pb, Rb, Sc, Sr, Th, U, V, Y, Zn, and Zr) 
compositions of dikes and the Plaka granodiorite were acquired using a Phillips PW1408 wave-length 
dispersive X-ray fluorescence analyzer in the Institute of Mineralogy and Petrology at Hamburg 
University.  Powdered samples were mixed with Spektrolux 100 (LiB4O7) in a ratio of 1:6 and then 
fused to obtain pellets. The detection limits for Na, Mg were ~0.01 wt%. For all other major oxides, 
the detection limits were <0.01 wt %. The detection limits were 20 ppm for Ce and La, 15 ppm for 
Co, and 10 ppm for Ba and Nd; all other trace elements had a detection limit of 5ppm.  Major and 
trace element compositions are given in Table 2. 
Fluid inclusion data were obtained from 22 doubly polished wafers of fluorite and sphalerite 
in carbonate-replacement Pb-Zn-Ag mineralization, quartz in porphyry-style mineralization, and 
fluorite in Vein 80 using a Fluid Inc.-adapted U.S. Geological Survey gas-flow stage.  The estimated 
accuracy of the freezing and heating measurements is ±0.5°C and ±2°C, respectively.  Salinities were 
calculated using the data of Bodnar and Vityk (1994).  Fluid inclusion microthermometric data are 
given in Table 3. 
Sulfur isotope compositions of pyrite, sphalerite, galena, barite, and gypsum were obtained 
from carbonate-replacement Pb-Zn-Ag mineralization and Vein 80 (Table 4).  The sulfides and 
sulfates were hand-picked for purification and measured at the Stable Isotope Research Facility at 
Indiana University (SIRF-Indiana) using a Finnigan MAT 252 mass spectrometer.  The SIRF sulfur 
instrument has an elemental analyzer (EA) inlet that is well calibrated for samples containing between 
0.1 and 1 micromole of sulfur in the form of BaSO4 and Ag2S to ensure accuracy.  Details of the 
analytical method are given in Lefticariu et al. (2006). Sulfur isotope ratios were measured relative to 
Vienna Cañon Diablo troilite (V-CDT).  
Oxygen and carbon isotope compositions of calcite intergrown with Pb-Zn-Ag mineralization 
and marbles, as well those of late-stage smithsonite, cerussite, aragonite, and siderite were hand-
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picked for purification and measured using a ThermoFinnigan Delta Plus XL mass spectrometer at 
Iowa State University.  All compositions were measured relative to internal standards of pure 
limestone and CaCO3 (Table 5).  Oxygen and carbon isotope ratios are reported in the standard δ 
notation relative to Vienna Standard Mean Ocean Water (V-SMOW) for oxygen and Vienna Pee Dee 
Belemnite (V-PDB) for carbon.  Analytical precision is generally better than ±0.05 per mil. 
Rare earth element (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and yttrium 
and refractory element (Ba, Be, Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, and Zr) analyses 
were obtained from marbles hosting Pb-Zn-Ag mineralization, sulfide-free marbles, and calcite and 
fluorite gangue (Table 6). Samples were analyzed with an inductively coupled plasma mass 
spectrometer at Acme Analytical Laboratories (Vancouver) following LiBO2/LiB4O7 fusion and nitric 
acid digestion. Standards used were accurate to within ±5 ppm. 
 
 
Regional Geological Setting 
 
 The Attic-Cycladic belt forms part of the Hellenide orogen, which resulted when the Apulia 
and Pelagona microcontinents collided after the Pindos ocean closed (Pe-Piper and Piper, 2001).  
Two tectonic units occur in the Attic-Cycladic mineral belt, the Lower Unit and the Upper Unit.  
Recently, Bröcker and Pidgeon (2007) proposed that the Lower Unit, which they referred to as the 
Cycladic Blueschist Unit (CBU) and the Upper Unit as the Upper Cycladic Unit (UCU), respectively, 
consist of dismembered stacks of nappes that formed during multiple collision and separation events 
between the African and Eurasian plates.  These two units overlie an autochthonous unit, which is 
referred to as the Basal Unit. 
 
The Basal Unit 
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 The Basal Unit consists of Mesozoic carbonates and Tertiary flysch that outcrop at Lavrion 
and on Evia, Tinos, Samos, and Fourni islands.  The carbonates include two marble units with 
intercalated schist, which are overlain by metaflysch and metapelites that contain phengite.  Ring et 
al. (2001) determined 40Ar-39Ar and Rb-Sr ages on the phengite of 24 to 21 Ma and interpreted these 
ages as being that associated with high pressure metamorphism.  Ring et al. (2001) proposed that the 
metamorphic event was compressional and occurred when the Cycladic Blueschist Unit was pushed 
on top of the Basal Unit. These ages complement those obtained by Tomaschek et al. (2003), based 
on U-Pb dates of zircons and Ar-Ar dates of white mica, which yielded an Eocene (~45 Ma) 
metamorphic age for an extensional event. 
 
The Blueschist Unit 
 The Cycladic Blueschist Unit is widespread in the Aegean Sea and consists of a Pre-Alpidic 
basement gneiss that is tectonically overlain by a metamorphosed volcanosedimentary sequence of 
clastic metasediments, marbles, calcschists, and basic and acidic meta-igneous rocks. (Dürr et al. 
1978; Bröcker and Pidgeon, 2007).  Both the basement and the thrust sheets experienced two stages 
of metamorphism during the Tertiary.  Based on U-Pb ages of zircons and Ar-Ar ages of white mica 
(Tomaschek et al., 2003), the first occurred during the Eocene, which was marked by high-pressure 
blueschist facies metamorphism (Tmax ~ 450°-550° C, Pmax ~ 12 to 20 kbar) as a result of subduction 
of the Apulian microplate beneath the Eurasian continent (Bröcker and Pidgeon, 2007).  The second 
metamorphic event occurred at about 24 Ma during extension-related exhumation that produced 
greenschist to amphibolite facies rocks (T ~ 450°-550C, P~ 4-9 kbar) (Bröcker et al., 1993; Parra et 
al., 2002).  The age of this event is based upon U-Pb dating of zircon overgrowths (Tomaschek et al., 
2003).  The extensional event persisted from the early Miocene until the Pliocene and was responsible 
for the opening and formation of the Aegean Sea (Jolivet and Faccenna, 2000).  The extensional event 
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also allowed for granites to be intruded throughout the Cyclades between 15 and 9 Ma (Altherr et al., 
1982; Pe-Piper and Piper, 2002; Skarpelis, 2002; Skarpelis et al., 2007b).  
 
Upper Cycladic Unit 
 The Upper Cycladic Unit (UCU) is much less prevalent than the Cycladic Blueschist Unit 
and consists of a sequence of unmetamorphosed upper Permian to Jurassic volcanoclastics, ophiolites, 
and carbonates; greenschist facies rocks of Cretaceous to Tertiary age; and Late Cretaceous medium-
pressure/high-temperature rocks and granitoids (e.g., Reinecke et al., 1982; Brocker and Franz, 1998, 
2006; Zeffren et al., 2005).  Photiades and Carras (2001) noted that the carbonates are ankeritized and 
contain many fossils.  These fossils show that carbonate sedimentation eventually became more 
pelagic.   
 
Geology of the Lavrion area 
The youngest unit in the Lavrion area is the Basal Unit, which is overlain tectonically by the 
Blueschist Unit.  The two units are separated by a detachment fault that formed during the early 
Miocene as back arc extension occurred in the Cyclades.  During this back arc extension, granodiorite 
stocks and dikes of various compositions were intruded into these two units.  A skarn occurs on the 
margins of the Plaka granodiorite (Fig. 2). 
 
The Basal Unit 
The Basal Unit contains two marble units (Upper and Lower marbles) and the so-called  
“Kaesariani schists,” which contain pods of intercalated marbles and occur between the Upper and 
Lower marbles.   The marbles contain the fossils Lithodedron (Marinos & Petrascheck 1956), 
Diplopora, brachiopods, and Gyroporella vesiculifera (Kober 1929) which are of Triassic – early 
Jurassic age (Photiades and Carras, 2001).  Recent geochronological studies by Liati et al. (2007) 
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gave a U-Pb age of 240 ± 4 Ma for zircon in an orthogneiss lens within Kaesariani schist. Liati et al. 
interpreted this age as the time of crystallization of the magmatic protolith. Locally, the schist 
contains Pb-Zn-Ag mineralization. 
 There is debate concerning the stratigraphic and structural relationships between the Upper 
and Lower marbles.  Although Marinos and Petrascheck (1956), and Skarpelis (2002, 2007) contend 
that the marbles are two distinct units, Kober (1929), Avdis (1991), and Photiades and Carras (2001) 
consider them to be the same unit.  Photiades and Carras (2001) suggested that the same fossils are 
present in both units and that the Upper marble represents the top of an overturned syncline, whereas 
the Lower marble represents the bottom of an overturned syncline.  Despite these suggestions, the 
structural relations remain uncertain.   Some parts of the marbles contain disseminations and pods 
(Skarpelis, 2007) of ankerite, siderite, kutnahorite, and Mg-calcite whereas other parts consist almost 
entirely of calcite.  In places, the marble contains magnetite, pyrite, galena, and sphalerite, with 
magnetite occurring only adjacent to magnetite-bearing skarn. 
 
The Blueschist Unit 
 The Blueschist Unit consists of high-pressure low-temperature metapelites and meta-
sandstones that structurally overlie the Basal Unit. The Blueschist Unit was metamorphosed to 
possibly eclogite facies during the Eocene and was subsequently overprinted by blueschist and 
greenschist metamorphic events during the Miocene as a result of back-arc extension (Baltatzis 
1996).  This unit locally contains massive sulfide mineralization, but the volume of sulfide is far less 
than that which occurs in the marbles and the Kaesariani schists. 
 
Igneous Rocks 
Granitoid intrusions are common throughout the Lavrion district, the largest of which is the 
Plaka granodiorite stock (~0.5 km2) that occurs near the center of the district within the Kaesariani 
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schists.  It is mainly composed of quartz, alkali feldspar, plagioclase (andesine-oligoclase), biotite, 
hornblende, titatnite, apatite, zircon, scheelite, and magnetite (Economou et al., 1981).  Altherr et al. 
(1982) reported a K-Ar age of 8.27 ± 0.11 Ma for biotite from the Plaka granodiorite while Marinos 
(1971) obtained a K-Ar whole rock analyses of 8.8 ± 0.5 Ma. These ages are slightly older than a 
fission track age of 7.3 Ma derived from apatite in the granodiorite (Wagner in Altherr et al., 1982).   
Small undeformed subvertical granodiorite dikes, which trend WNW-ESE to WSW-ENE are 
common throughout the Lavrion district and a granodiorite sill from Adami yielded U-Pb ages of 9.4 
± 0.3 Ma and 8.34 ± 0.2 on zircon (Liati et al., 2007; Skarpelis et al., 2007a,b). The cores of the 
zircons from the granodiorite sill that were analyzed by Liati et al. (2007) yielded an age of 11.93 ± 
0.41 Ma, which they suggested was the age of a previously unrecognized granulite facies 
metamorphic event in the Attic-Cycladic.   The Late Miocene granitoid event in the Lavrion area is 
part of the regional Late Miocene Cycladic granitoid event, which occurred as a result of the Cycladic 
back-arc extension (Altherr et al., 1982; Altherr and Siebel, 2002; Pe-Piper and Piper, 2002).  
Aeromagnetic data of Marinos and Makris (1975) and Tsokas et al. (1998) suggests that the dikes are 
apophyses of a large intrusion beneath the Lavrion district. 
Bulk rock analyses (major and trace elements) of the Plaka granodiorite (n = 4) were 
collected from surface locations whereas various dikes (n = 8) were collected from underground 
localities (Table 2).  Those samples chosen from underground locations were sampled so as to avoid 
the effects of supergene alteration. However, all granitoids in the Lavrion area are weakly to 
moderately altered (silicification, propylitization, carbonation, and sericitization) due to their 
interaction with hypogene fluids.  These samples are plotted in Figure 3A-H along with data obtained 
by Altherr and Siebel (2002) and Skarpelis et al. (2007b).  The Plaka granodiorite contains 68.80 to 
73.06 wt % SiO2, and 5.45 to 9.95 wt. % K2O (Table 1, Fig. 3A-H), and low base metal contents (6 to 
51 ppm Cu, 6 to 12 ppm Zn, and 25 to 32 ppm Pb), even though Voudouris et al. (2008) observed 
chalcopyrite, galena, and sphalerite in  breccia-style mineralization in the stock.  Values of A/CNK 
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[i.e., Al2O3/(CaO+K2O+Na2O)] = 1.63 to 1.87, A/NK [i.e., Al2O3/(K2O+Na2O)] = 1.66 to 1.97, and 
ASI [i.e., Al2O3/(CaO+K2O+Na2O)] = 1.63 to 1.87.  
N-S trending dacitic felsic dikes occur in the Villia and Plaka deposits (61.31 to 63.27 wt % 
SiO2; Figs. 3A-H).  Those furthest from the Plaka granodiorite display propylitic alteration, whereas 
more proximal dikes display sericite-kaolinite-carbonate alteration.  Some dikes host massive sulfide 
mineralization whereas others contain veinlets of sulfides (Voudouris et al. 2008a).  One sample 
analyzed here contains 65,224 ppm Pb.  The SiO2 content of the dikes at north Serpieri (Kamariza) 
are considerably lower (51.34 to 58.13 wt% SiO2) than those from Villia and Plaka and have 
compositions that resemble lamprophyres (Rock, 1983).  Values of A/CNK [i.e., 
Al2O3/(CaO+K2O+Na2O)] = 0.80 to 1.55, A/NK [i.e., Al2O3/(K2O+Na2O)] = 1.68 to 3.67, and ASI 
[i.e., Al2O3/(CaO+K2O+Na2O)] = 0.80 to 1.55 for all dikes analyzed here. Their Pb, Cu and Zn 
content ranges from 1 to 52 ppm, 2 to 27 ppm, and 27 to 231 ppm, respectively, with the highest Cu 
and Zn contents being from dikes at north Serpieri. The highest Pb content is from a dike at Villia 
(Figs. 3E-G).  
 
Types of Sulfide Mineralization 
There are at least five types of sulfide mineralization in the Lavrion district, some of which 
occur elsewhere in the Attic-Cycladic mineral belt.  Quartz-pyrite-molybdenite veins (Bonsall et al., 
2007; Voudouris et al., 2008), brecciated base metal sulfide mineralization (Economou and Sideris, 
1976), and skarn-type magnetite mineralization (Marinos and Petracheck, 1956; Leleu et al., 1973; 
Economou et al., 1981) are spatially associated with the Plaka granodiorite.  Vein type Pb-Zn-Ag 
mineralization is present at Adami (Vein 80), whereas carbonate-replacement Pb-Zn-Ag 
mineralization occurs in schists and marbles, along the contact between marble and granodiorite 
porphyry (Economou et al., 1981), and in a detachment fault that trends in a north-south direction for 
at least 10 km (Skarpelis, 2007).   
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Porphyry-style mineralization 
Low-grade, uneconomic, porphyry-style mineralization occurs in the Plaka granodiorite as 
sheeted quartz veins and stockworks over an area of 400 x 300 m (Fig. 4a). Individual quartz veins 
are up to 40 cm wide and generally trend in a NW-SE direction (Voudouris et al., 2008).   Metallic 
mineralization is generally very fine-grained and consists of pyrite, molybdenite, chalcopyrite, 
pyrrhotite, and minor scheelite. Potassic alteration (orthoclase, plagioclase and biotite) was locally 
replaced by phyllic (quartz, sericite, and pyrite) or propylitic (epidote and chlorite) alteration in and 
along the margins of the quartz-sulfide veins. 
 
Skarn mineralization 
An irregularly shaped Ca-Fe skarn, hosted in the Kaesariani schists and Upper marble, occurs 
on the margins of the Plaka granodiorite (Fig. 4b, c).  The skarn consists of pyroxene (diopside-
hedenbergite), epidote, garnet (andradite-grossular), amphibole (tremolite-actinolite and hornblende), 
feldspar, chlorite, calcite, titanite, scapolite, magnetite, pyrite, and pyrrhotite, and formed between 
440o and 600oC at a pressure of 1.0 to 1.5 kbars (Baltatzias, 1981).  The metallic mineralogy of the 
skarn changes with proximity to the granodiorite.  Magnetite and magnetite-hematite formed closest 
to the granodiorite within the Upper marble, whereas the assemblages pyrite-pyrrhotite and 
sphalerite-pyrite-galena are present within the Kaesariani schists, further away from the granodiorite.  
These ores also contain minor to rare amounts of arsenopyrite, bismuthinite, chalcopyrite, 
mackinawite, native bismuth, scheelite, and tetradymite (Leleu et al., 1973). 
Breccia-style mineralization 
Economou and Sideris (1976) described a brecciated granodiorite porphyry dike in the 
underground workings of the Plaka area.  It consists of heterogeneous angular, rounded, and sub-
rounded fragments (up to 15 cm in length) of granodiorite.  Coarse phenocrysts of feldspar and biotite 
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of the host rock were largely replaced by chlorite, sericite, quartz, kaolinite, epidote, and titanite 
(Economou and Sideris, 1976).  The microcrystalline material that cemented the fragments was 
unidentifiable.  Locally, the brecciated porphyry contains minor amounts of galena, sphalerite, pyrite, 
pyrrhotite, chalcopyrite, and an unidentified bismuth sulfosalt, possibly aikinite (Economou and 
Sideris, 1976; Voudouris et al., 2008a)   
 
Carbonate-replacement Pb-Zn-Ag mineralization 
Of the different types of sulfide mineralization, the carbonate-replacement Pb-Zn-Ag 
mineralization and vein deposits were the economically most significant ore types in the Lavrion 
district.  The carbonate replacement deposits occur as centimeter-scale lenses to mantos and chimneys 
that that are up to tens of meters in length.  The sulfide mineralization is both lithologically and 
structurally controlled and occurs within the Lower and Upper marble, as well as at the contact 
between the Kaesariani schists and the Lower marble (Fig. 4d).  Minor orebodies also occur in the 
Kaesariani schists and in marbles within the schists, the latter of which are knowN locally as 
“subordonnés.”  Many of the manto orebodies are steeply dipping and trend N-S to NW-SE, which is 
the same orientation as the large detachment fault in the center of the Lavrion district.  The contacts 
between the wall rocks and the mantos are usually abrupt and, where present, the alteration consists 
of carbonatization as indicated by the replacement of calcite and quartz by centimeter-size grains of 
calcite, Mg-calcite, siderite, and ankerite (Skarpelis, 2007), and the local silicification of marble 
(Voudouris et al. 2008a).  Skarpelis (2007) recognized base metal mineralization along the 
detachment fault at Kamariza, Megala Pefka, and the Sounio deposit within the Blueschist unit, and 
in the Esperanza deposit close to the detachment fault in the Upper marble.  The sulfides occur as 
massive pods (Figs. 4e and f) and veins along shear bands in marble. Carbonitization and silicification 
is present along the walls of the detachment fault (Skarpelis, 2007). 
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Vein style mineralization 
Individual manto orebodies are cut by chimneys and centimeter- to kilometer-long NW-SE 
trending veins that are up to 50 m wide (Marinos and Petrascheck, 1956).   Like mantos, the veins 
consist mainly of pyrite, sphalerite, and galena; however, base metals are more common, particularly 
where these veins crosscut the mantos and felsic and mafic dikes.  The veins are most abundant at 
Kamariza, but are also present at Sounio and Megala Pefka (Table 2).  Vein 80, which is the largest 
vein in the district (> 1 km in length and up to 2 m wide), extends from and locally crosscuts the 
contact metamorphic aureole surrounding the Plaka granodiorite toward the Adami mine. Skarpelis 
(2007) proposed that Vein 80 formed during the Miocene extension event since the orientation 
(WNW-ESE) and dip (40-55° SSW) of the vein is similar to that of the detachment fault, and because 
the angle of the dip is common for extensional faults in the Lavrion area.  Brecciation is locally 
observed around and within the vein (Fig. 4g) but in other places the sulfide mineralization is massive 
(Fig. 4h). 
 
Paragenetic studies 
 
 Over 430 hypogene and supergene minerals have been identified from Lavrion, some of 
which are new minerals that were reported for the first time from the district (e.g., Marinos and 
Petrascheck, 1956; Meixner and Paar, 1982; Wendel and Rieck, 1999; Baumgaertl, 2002; Skarpelis, 
2007, Voudouris et al., 2008a, b).  The compositions of metallic mineral phases are presented in 
Voudouris and Economou-Eliopoulos (2003), Skarpelis (2007), and Voudouris et al. (2008a, b). 
Paragenetic sequences were developed for the Kamariza area by Voudouris and Economou-
Eliopoulos (2003) and Voudouris et al. (2008b), and for the Plaka area by Voudouris et al. (2008a). 
Skarpelis (2007) produced a general paragenetic sequence for carbonate hosted replacement deposits 
and Vein 80 while Leleu et al. (1973) derived one for the magnetite-bearing Ca-Fe skarn spatially 
associated with the Plaka granodiorite. 
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 Taking into account the observations of Leleu et al. (1973), Voudouris and Economou-
Eliopoulos (2003), Skarpelis (2007), and Voudouris et al. (2008a, b), coupled with reflected and 
transmitted light microscopic studies of 40 polished thin sections of carbonate replacement ore, Vein 
80, and porphyry-type mineralization in this study, a two-stage paragenetic sequence has been 
developed for the Lavrion district (Fig. 5).   The two stages consist of a porphyry- (stage 1a), skarn- 
(stage 1b), and breccia-style mineralization (stage 1c) followed by the formation of vein and 
carbonate replacement mineralization (stage 2).  Since the porphyry-, skarn-, and breccia-style 
mineralization occur in or adjacent to the Plaka granodiorite, but are not spatially related to each 
other, it is not possible to determine whether these styles of mineralization formed synchronously or 
at different times. 
 The porphyry-style mineralization (stage 1a) is characterized by a stockwork of cross-cutting 
veins in the Plaka granodiorite (Fig. 4a) that contain quartz, molybdenite (Fig. 6a), pyrite, 
chalcopyrite, scheelite, and sericite.  The earliest minerals associated with the skarn consist of 
andradite, hornblende, plagioclase, scapolite, and magnetite and were followed in time by calcite, 
epidote, scheelite, chlorite, hematite, actinolite, and sulfides (pyrite, pyrrhotite, marcasite, 
chalcopyrite, arsenopyrite, sphalerite, galena, bismuthinite, tetradymite, cosalite, and matildite). 
Carbonate replacement ores (Figs. 6b, c, and d) and Vein 80 (Figs. 6e and f) contain 
essentially the same sulfides and sulfosalts, which suggests that they probably formed at the same 
time.  Skarpelis (2007) noted that the skarn mineralization was hydrothermally altered by Vein 80, 
suggesting vein and carbonate replacement deposits occurred after the formation of the skarn.  The 
earliest minerals in stage 2 are quartz, pyrite, pyrrhotite, arsenopyrite (Figs. 6c and d), lillianite and 
löllingite and were succeeded by later forming calcite, chalcopyrite, sphalerite (Fig. 6b), galena (Fig. 
6e), stibnite, gersdorffite, enargite, covellite, bismuthinite, matildite, tetrahedrite, tennantite, 
bournonite, boulangerite, pyrargyrite (Fig. 6b), miargyrite, stephanite, ramdohrite, semseyite, 
wittichenite, emplectite, aikinite (Figs. 6c and d), mummeite, stannite, petrukite, an unnamed Ag-Cu-
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Bi sulfosalt (Fig. 6d), native bismuth, native gold (Fig. 6f), and native arsenic,.  The gangue minerals 
fluorite, siderite and barite formed late in the paragenetic sequence.  
 
Previous Fluid Inclusion Studies 
 
Mitsaki (1972) conducted heating experiments only on fluid inclusions (n = 26) in fluorite 
from the Kiafa Mariza, Megala Pefka, Plaka, Esperanza, and Sounio carbonate replacement deposits 
and reported homogenization temperatures (Th) of 70° to 317°C, while Kalogeropoulos and 
Mitropoulos (1983) obtained values of Th = 132° to 207°C (n = 95) and salinities of 16 to 20 wt% 
NaCl equivalent (n = 45) in primary fluid inclusions in fluorite from carbonate replacement ores. 
Knoll (1988) measured primary and pseudosecondary fluid inclusions (n = 61) in unnamed carbonate 
replacement deposits, two samples of which were proximal and three samples were distal to the Plaka 
granodiorite.  Inclusions in calcite, fluorite, and quartz distal to the granodiorite displayed values of 
Th =109° to 176°C, whereas those in quartz proximal to the granodiorite were hotter (247° to 368°C).  
The salinity of inclusions in fluorite and calcite ranged from 12.4 to 17.6 wt% NaCl equiv and was 
similar to that reported by Kalogeropoulos and Mitropoulos (1983) for inclusions in fluorite while the 
fluid inclusions in quartz showed salinities of 0.3 to 15.8 wt% NaCl equiv.   
Voudouris et al. (2008a) and Voudouris et al. (2008b) conducted preliminary fluid inclusion 
studies on quartz, fluorite, and carbonates in sulfide mineralization from the Plaka and Kamariza 
areas, respectively.  Fluid inclusions in quartz from quartz-pyrite-molybdenite veins and quartz grains 
(n = 214) gave values of Th = 270° to 360°C and salinities of 23 to 40 wt% NaCl equiv whereas lower 
temperatures (130° to 228°C) and intermediate salinities (14.7 to 18.0 wt% NaCl equiv) were derived 
from inclusions in fluorite (n = 61), siderite (n = 5), and calcite (n = 5) from Vein 80.  
Voudouris et al. (2008b) measured primary fluid inclusions in bedded replacement deposit 
from the Kamariza area.  These fluid inclusions occur in quartz in Pb-rich veins from the Christiana 
deposit (175o-399oC; n = 77), fluorite from Pb-Bi-Au-bearing veins in the Clemence deposit (110o 
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and 275°C; n = 74), calcite veins in the Jean Baptiste and Ilarion deposits (129o-288; n = 123), and in 
fluorite in the Serpieri deposit (105o-227oC; n = 126).  The average salinity of fluid inclusions in 
gangue minerals from Kamariza showed a narrow range of 8.9 to 16.8 wt% NaCl equiv. Fluid 
inclusion studies by Skarpelis et al. (2007a) suggested to them that carbonate replacement 
mineralization formed at about 280oC from fluids with a salinity of 14 to 17 wt.% NaCl equiv, and 
that quartz and fluorite from these deposits formed at 125 to 250oC from variably saline fluids (14 to 
17 wt.% NaCl equiv). 
 
Microthermometry Results 
The current study enlarges on previous fluid inclusion studies by collecting new 
microthermometric data from 22 samples of sphalerite and fluorite in the Esperanza, Sounio, and 
Kamariza carbonate replacement deposits, fluorite in the Megala Pefka and Kiafa Mariza carbonate 
replacement deposits, fluorite in Vein 80 from the Adami deposit, and quartz in quartz-pyrite-
molybdenite veins from the Plaka granodiorite (Table 3).  Data listed in Table 3 as quartz grains from 
Plaka are quartz grains immediately adjacent (< 1 cm from the vein) to the quartz-pyrite-molybdenite 
veins.  These grains formed as part of the silica saturation event associated with quartz vein formation 
rather than as primary quartz grains that are part of the granitoid intrusive.  Fluid inclusions that occur 
in clusters were considered to be of primary origin and were analyzed.   
The primary inclusions are oval, elongate, or irregularly shaped and are up to approximately 
100 μm in length.  Three types of fluid inclusions were recognized: type 1, aqueous liquid-vapor 
inclusions (10-30% vapor; Fig. 7a); type 2, aqueous liquid-vapor inclusions (80-90% vapor; Fig. 7b); 
and type 3, two- or three- phase liquid-vapor inclusions with up to four daughter crystals (Fig. 7c and 
d).  The daughter crystals in type 3 inclusions were both transparent and opaque and are likely to be 
NaCl, KCl, CaCl2 and possibly chalcopyrite based on their optical properties and morphology.  There 
was no visible evidence for the presence of an immiscible carbonic phase in any of the inclusions. 
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 Two distinct fluid inclusion assemblages (FIA) can be recognized.  FIA-1 is composed of 
type 1 inclusions, up to 50 μm in length in sphalerite and fluorite from the carbonate replacement 
deposits and Vein 80 (Fig. 7a), whereas FIA-2 is composed of type 1, 2, and 3 inclusions in quartz 
from quartz-pyrite-molybdenite veins cross-cutting the Plaka granodiorite (Fig. 7b-d).  These three 
types of inclusions are generally larger (up to approximately 100 μm in length) and more abundant 
than type 1 fluid inclusions in FIA-1.   
 Coexisting type 1 and type 2 fluid inclusions in the quartz-pyrite-molybdenite veins and 
quartz grains have variable liquid to vapor ratios and homogenize at similar temperatures, suggesting 
phase separation.  The absence of type 2 and 3 inclusions in bedded replacement mineralization and 
Vein 80 (i.e. FIA-1) suggests that boiling did not occur during the formation of these ore types. 
 The heating and freezing data show that the composition and temperature of the fluids 
changed though time and with the style of mineralization (Figs. 8-10).  The fluid inclusions in quartz 
in quartz-pyrite-molybdenite veins and quartz grains show a wide range of homogenization 
temperatures (Th), ranging from 268° to >460°C.  The salinities of these inclusions ranged from 10.4 
to >54.5 wt % NaCl equiv, which supports the concept that FIA-2 was associated with phase 
separation.  Cooler and less saline, non-boiling fluids were associated with the formation of 
carbonate-replacement deposits and Vein 80 (Fig. 10).    Homogenization temperatures of type 1 fluid 
inclusions in sphalerite from carbonate replacement deposits ranged from 178° to 282°C, with the 
hottest being from Kamariza (220° to 282°C) and the coolest from Esperanza (178° to 221°C) and 
Sounio (221° to 237oC).  The salinities of fluid inclusions in sphalerite ranged from 3.5 to 18.8 wt % 
NaCl equiv.  Values of Th for fluid inclusions in fluorite from carbonate replacement deposits range 
from 130° to 237°C, with a peak at approximately 150°C, and are generally cooler than sphalerite 
from the same deposit. However, the salinity of the inclusions is about the same (4.2 to 21.5 wt % 
NaCl equiv) as that for fluids in sphalerite.  Type 1 fluid inclusions in one sample of fluorite (TB59) 
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in Vein 80 showed Th values of 158° to 221°C and salinities ranging from 13.6 to 16.1 wt % NaCl 
equiv. 
 Eutectic temperatures (Te) for type 1 fluid inclusions in fluorite and sphalerite from carbonate 
replacement deposits and Vein 80 range from -77° to -20°C, with a peak at around        -50°C, 
suggesting these fluids contain a high proportion of CaCl2 and MgCl2 in addition to other salts such as 
NaCl and KCl.  The Te of type 1 fluid inclusions in quartz from the quartz-pyrite-molybdenite veins 
was higher, ranging from -30° to -22°C, indicating that there was less CaCl2 and MgCl2 present in 
these fluids than those associated with the carbonate replacement and vein deposits.  However, the 
presence of type 3 inclusions with multiple daughter crystals shows that various salts were present 
within these inclusions. 
 
Sulfur Isotope Study 
 
Fifty-four sulfur isotope compositions were obtained for pyrite, galena, and sphalerite from 
the Kamariza area, and the Adami (Vein 80), Esperanza, Villia, Sounio, Megala Pefka, and Avlaki 
deposits (Table 4).  Twenty-four of the samples were from the Kamariza area and have δ34S values 
ranging from -4.9 to -0.8 per mil.  Values of δ34S of sulfides from Vein 80 exhibit a similar range (-
3.2 to 2.0‰; n = 9).  However, the δ34S values of sulfides from all the other deposits are higher, 
ranging from -2.2 to 5.3 per mil (n = 20; Fig. 11) with a single outlier of 9.4 per mil for a sample of 
sphalerite from the Avlaki deposit.  If this outlier is ignored, then the range of sulfur isotope values 
obtained here (-4.9 to 5.3‰) is almost the same as that obtained by Skarpelis et al. (2007a) of -4.8 to 
4.0 per mil for the same minerals.  
Sulfur isotope compositions of barite from the Villia, Kamariza, Kiafa Mariza, and Megala 
Pefka deposits show values of δ34S = 17.2 to 23.7 per mil (n = 8).  These values are consistent with 
Miocene seawater sulfate values reported by Paytan et al. (1998). Two samples of gypsum from 
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Kamariza have values of δ34S = -0.8 and -0.9 per mil, which are almost identical with coexisting 
sulfides in the same sample, reflecting the supergene nature of gypsum.   
 
Carbon and Oxygen Isotopes 
 
Fifty-eight carbon and oxygen isotope analyses were obtained from calcite in Upper marble, 
Lower marble, carbonate replacement mineralization, and Vein 80 (Table 5).  The samples of marbles 
include those that contain sulfides and those that are devoid of sulfides.  Other carbonates that were 
analyzed included smithsonite, aragonite, calcite, cerrusite, and siderite, all of which formed late in 
the paragenetic sequence in carbonate replacement deposits and Vein 80.   
Calcite in carbonate replacement deposits show values of δ13C = -5.4 to 5.2 per mil and δ18O 
= 2.7 to 24.9 per mil.  However, if two outliers are excluded (δ18O = 24.2 and 24.9‰ from the Ilarion 
and Esperanza deposits, respectively), the heaviest δ18O value is 15.0 per mil. Carbon and oxygen 
isotope compositions of calcite from each carbonate replacement deposit show relatively narrow 
ranges with the isotopically most depleted values occurring in calcite adjacent to the Plaka 
granodiorite at Villia.  Other isotopically depleted values are from calcite in carbonate replacement 
mineralization within the detachment fault, whereas the heaviest isotope values occur in samples from 
the Esperanza deposit, which is more distal to the fault (Fig. 12).  Calcite in Vein 80 show values of 
δ13C = -5.6 to 4.8 per mil and δ18O = 16.1 to 21.4 per mil, which overlap isotopic compositions of 
calcite from the carbonate replacement deposits. 
Calcite in Upper and Lower marbles that lack sulfides show similar isotope values (Upper 
marble: δ13C = 2.7 to 4.9‰, δ18O = 12.7 to 29.3‰; Lower marble:  δ13C = 2.2 to 4.6‰, δ18O =18.2 to 
30.0‰).  These isotopic compositions contrast to those of calcite in sulfide-bearing Upper and Lower 
marbles by being isotopically lighter (Upper marble: δ13C = -4.5 to 1.9‰, δ18O = -2.5 to 14.1‰; 
Lower marble:  δ13C = -7.8 to 2.1‰, δ18O =12.2‰ to 25.3‰).  Late-stage carbonates show a small 
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range of oxygen isotope values (δ18O = 16.4 to 26.5‰) but a wide range of carbon isotope 
compositions (δ13C = -17.9 to 2.7‰). 
 
Rare Earth Element and Yttrium Analyses 
 
Nineteen samples of transparent, blue, and purple fluorite from the Sounio, Esperanza, 
Kamariza, Kiafa Mariza, and Megala Pefka bedded replacement deposits and Vein 80, as well as 
fifteen samples of calcite from Upper marbles, Lower marbles, carbonate replacement deposits, and 
Vein 80 were analyzed for their rare earth element and yttrium (REY) contents (Table 6).  All 
compositions were normalized to PAAS (McLennan, 1989) and are shown in Figure 13.  
 
Fluorite 
The REY concentrations of fluorite show total concentrations ranging from 20.03 to 208.16 
ppm (Table 6).  Normalized REY patterns of fluorite are depleted in light and heavy rare earth 
elements and enriched in middle rare earth elements (MREE: Eu, Gd, Tb, and Dy) and Y (Fig. 13A-
C).  Other notable features of the REY patterns include (La/Sm)PAAS values <1, (Gd/Lu)PAAS values 
>1, negative Ce anomalies (Ce/Ce* = 0.60-0.87), positive Eu anomalies (Eu/Eu* = 1.93-5.59), and 
mostly positive Y anomalies (Y/Y* = 0.69-2.88) (Table 7, Fig. 13A-C).  There is no correlation 
between the REY contents and the color or location of the fluorite. 
Möller et al. (1976) developed a plot of Tb/Ca versus Tb/La to evaluate the source rocks of 
fluorite (hydrothermal, pegmatitic, and sedimentary) and mechanisms of fluorite formation (primary 
crystallization versus remobilization) (Fig. 14).  All but one of the 19 samples of fluorite from the 
Lavrion district fall within the hydrothermal field of Möller et al. (1976).  This is also consistent with 
the classification of Bau and Dulski (1995) since the values of Y/Ho of fluorite are between 35.4 and 
156.7, which is in their hydrothermal field. However, the distribution of the samples within the 
hydrothermal field have a scattered distribution and do not fall along the trend lines that characterize 
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whether fluorite formed by primary crystallization from the hydrothermal fluid or as a result of 
remobilization.   
 
Calcite  
In general, samples of calcite contain lower REY concentrations (0.22 to 61.25 ppm) than 
fluorite (Table 6).  Calcite from the Upper marbles and carbonate replacement deposits show the 
highest concentrations, while calcite from the Lower marbles show the lowest concentrations (Table 
7, Fig. 13D-F).  Despite the differences in the concentrations, the shapes of the calcite PAAS-
normalized REY patterns are similar to each other.  Most of the patterns show values of (La/Sm)PAAS 
<1, (Gd/Lu)PAAS values >1, negative Ce anomalies (Ce/Ce* = 0.06-0.90), mostly positive Eu 
anomalies (Eu/Eu* = 0.98-6.20), and negative Y anomalies (0.74-0.97).  Tb/La and Tb/Ca values of 
calcite in marbles, carbonate replacement deposits, and Vein 80 are generally less than those obtained 
from fluorite (Fig. 14).  However, all but three of the samples plotted within the hydrothermal field of 
Möller et al. (1976).    One sample each of calcite from Upper marble, Lower marble, and carbonate 
replacement mineralization plot in the sedimentary field of Möller et al. (1976).  The Y/Ho ratios of 
calcite range from 38.79 to 51.82 are within the range of values obtained from fluorite but show 
values characteristic of marine limestones (Bau and Dulski, 1994). 
 
Discussion 
Classification of carbonate replacement mineralization and its genetic relationship to other ore types 
Recent studies by Bonsall et al. (2007), Skarpelis (2007), and Voudouris et al. (2008a) 
recognized several types of sulfide mineralization in the Lavrion district including porphyry, skarn, 
breccia-hosted, carbonate replacement, and hydrothermal vein.  Based on the results of 
microthermometric studies of fluid inclusions in fluorite, Kalogeropoulos and Mitropoulos (1983) 
proposed that the carbonate replacement Pb-Zn-Ag mineralization fits into the class of Mississippi 
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Valley-type (MVT) deposits.  However, more complete fluid inclusion studies of ore and gangue 
minerals in carbonate replacement mineralization show that the homogenization temperatures of 
primary fluid inclusions reach up to 281oC, which is far higher than that ascribed to MVT deposits 
(80o to 200oC; Anderson and Macqueen, 1988).  Moreover, the presence of Ag, Bi, Sn, Sb, As, and Pb 
sulfosalts in Lavrion carbonate replacement deposits is atypical of MVT deposits (< 10 g/t Ag) and 
the Ag content is far higher (~400 g/t) than that for MVT deposits.  A plot of fluid inclusion 
homogenization temperatures of ore and gangue minerals for worldwide carbonate-hosted Pb-Zn 
deposits versus silver grade by Titley (1996) shows that the carbonate replacement deposits at 
Lavrion fit within the group he termed “high-temperature carbonate replacement deposits” rather than 
MVT or Irish-type carbonate-hosted deposits (Fig. 15).   Such terminology is consistent with the 
manto classification given by Skarpelis (2002, 2007) for carbonate replacement ore in the Lavrion 
district. 
Based on mineralogical and preliminary fluid inclusion studies of quartz in porphyry Mo 
mineralization in the Plaka granodiorite as well as fluorite and carbonate in Vein 80 adjacent to the 
granodiorite stock, Voudouris et al. (2008a) proposed that both types of mineralization were 
genetically related.  They proposed that molybdenite in the Plaka granodiorite was deposited from a 
high-temperature, saline, boiling fluid and that these fluids became diluted by a lower temperature 
and lower salinity fluid, which resulted in the precipitation of the vein type mineralization.  By 
combining the fluid inclusion data of Voudouris et al. (2008a, b) and this study a plot of salinity 
versus fluid inclusion homogenization temperature for gangue and ore minerals associated with 
porphyry molybdenum mineralization, carbonate replacement deposits from various locations in the 
Lavrion district, and Vein 80 shows a continuum of temperatures from approximately 100o to 450oC 
and a salinity of between 1 and 25 wt. % NaCl equiv.   These values are distinct from those (~250o to 
>460oC; 32 to >55 wt. % NaCl equiv) associated with a group of fluid inclusions in quartz grains and 
veins in the Plaka granodiorite mineralization that host the molybdenite mineralization.  The two 
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distinct Th-salinity populations of fluid inclusions shown in Figure 10 reflect the presence of a boiling 
fluid associated with the formation of porphyry-style mineralization at relatively high temperatures 
(>250oC).  The low eutectic temperatures of the fluids associated with carbonate replacement 
mineralization suggests also suggest the presence of Ca2+ in the ore fluid.  Whether this ion was 
derived from the igneous intrusion or from the dissolution of the host carbonate remains unclear.  
The continuum described here only includes fluid inclusion data from porphyry-style, 
carbonate-replacement, and vein type mineralization.  No fluid inclusion data have yet to be reported 
from skarn and breccia-hosted mineralization.  However, the genetic connection between porphyry- 
and skarn-style mineralization is suggested by the presence of scheelite and chalcopyrite in both types 
of mineralization and among skarn, breccia-style, vein and carbonate-replacement type mineralization 
because of the presence of Bi minerals in each ore type.    Native bismuth, bismuthinite, and 
tetradymite are present in skarn ores, an unidentified bismuth sulfosalt (possibly aikinite) occurs in 
breccia-style mineralization, and bismuthinite, matildite, lillianite, native bismuth, wittichenite, 
emplectite, aikinite, mummeite, and an unnamed Ag-Cu-Bi sulfosalt  are located in carbonate 
replacement ore and Vein 80. 
 
Conditions of Formation 
 The model proposed here is for the ore-forming fluids in the Lavrion district to have changed 
continuously in time and space.  This continuum involved the formation of porphyry-style 
mineralization from hot, magmatic, highly saline and boiling fluids that subsequently mixed with 
cooler, less saline, non-boiling fluids during the formation of carbonate replacement and vein-type 
mineralization.   
 The mixing hypothesis, which is primarily based upon fluid inclusion and mineralogical data, 
is supported by the δ34S data.  The isotope compositions of sulfides (δ34S = -4.9 to 5.3‰, with one 
outlier of 9.4‰) from the carbonate replacement and Vein 80 deposits overlap the range of values 
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normally ascribed to magmatic sulfur (Ohmoto, 1986).  Using a temperature of 250°C (based upon 
the average fluid inclusion homogenization temperatures of sphalerite) to approximate the ore-
forming stage, values of pH and fO2 can be estimated. The following conditions have been applied: an 
ionic content of 1 based on fluid inclusion studies herein; a conservative estimate of dissolved sulfur 
concentrations (ΣS) = 0.01 m, which is appropriate for hydrothermal base and precious metal fluids 
(Ohmoto, 1972, 1986; Barnes, 1979); a value of δ34SΣS = 2 (i.e. isotopic composition of magmatic 
sulfur species predominantly).  These conditions are further constrained by the presence of calcite 
coexisting with pyrite.  Ranges of the log fo2 = -41 and -36, and pH = 5.5 and 8.1 are obtained for the 
sulfide deposition stage in carbonate replacement deposits and Vein 80 (shown in the shaded area of 
Fig. 16a) which overlaps the sulfur isotope range of sulfides (δ34S = -4.9 to 5.3‰).   
Since pyrite also coexists with fluorite, which probably formed at temperatures around 
~150°C (based on fluid inclusion homogenization temperatures), sulfides were deposited over a broad 
range of temperatures (at least 250o to 150oC).  As a means to constrain the log fo2 and pH conditions 
at the lower temperature the same chemical constraints have been applied.  At 150oC, ranges of log 
fo2 = -51 and --47, and pH = 5.8 and 8.1 are obtained for the sulfide deposition stage in carbonate 
replacement deposits and Vein 80 (shown in the shaded area of Fig. 16b) which also overlaps the 
sulfur isotope range of sulfides.   
Due to the lack of sulfur isotope data, it is not possible to constrain the log fo2 and pH 
conditions for the porphyry-style, skarn, and breccia-style mineralization.  However, it is likely that 
the log fo2 conditions associated with the skarn mineralization were higher than those reported here 
for the carbonate replacement and Vein 80 sulfide mineralization because both magnetite and 
hematite are present in skarn mineralization.   
The lower δ34S values for sulfides from the Kamariza deposits and Vein 80 with respect to 
the other carbonate replacement deposits at Lavrion could be the result of the direct addition of 
magmatic volatiles to the hydrothermal fluid, which is likely based upon the proximity of porphyritic 
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dikes to Kamariza and the Plaka granodiorite to Vein 80.  At temperatures less than 400°C, SO2 will 
disproportionate from volcanic gases into reduced and oxidized species and ultimately result in the 
sulfide becoming enriched in 32S relative to H2SO4 (Ohmoto and Rye, 1979). The negative δ34S values 
present at Kamariza and Vein 80 can also be explained by slightly higher log fo2 and/or lower pH 
conditions than those associated with ore-forming fluids from the other carbonate replacement 
deposits in the district.  A shift in δ34S values of >4 per mil is associated change with a shift in log fo2 
conditions of -39 to -37, at a temperature of 250oC. 
Carbon and oxygen isotope compositions of calcite in marble that contain sulfide 
mineralization were obtained from the Villia, Megala Pefka, and Sounio.  Of these deposits, only 
samples from the Villia deposit were located near any igneous rocks.  It should be noted that the  the 
lightest values of δ13C (-5.4 ‰) and δ18O (2.5‰) were from the Villia deposit. If we assume a 
constant temperature of ore deposition for these three locations, which may not necessarily be the 
case, it would imply a higher water-rock interaction at Villia.  Carbon and oxygen isotope depletion 
haloes in carbonates immediately adjacent to igneous intrusions spatially associated with Pb-Zn-Ag 
manto deposits elsewhere have been reported by Naito et al. (1995) and Kesler et al. (1997) or in 
carbonates adjacent to MVT-style fluorite-rich bedded replacement deposits in Illinois (Pinckney and 
Rye, 1972; Spry et al., 1990). The depletion in δ13C and δ18O values was ascribed by Pinckney and 
Rye (1972), Faure (1986), and Spry et al. (1990) as being the result of either carbonates being 
affected by high temperature fluids or to have formed in an environment of high water to rock ratios. 
The large detachment fault in the center of the Lavrion district hosts the sulfide 
mineralization at Megala Pefka and Sounio and was a conduit of the ore-forming fluids (Skarpelis, 
2007).  With increasing distance from the fluid and heat source (i.e., the granitoids or the acid to 
mafic dikes) there should be a decrease in water to rock ratios.  Such a scenario would result in an 
enrichment in the values of δ13C and δ18O for calcite in marbles containing sulfides from the Megala 
Pefka and Sounio deposits. 
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The unmineralized marbles at Lavrion show δ13C and δ18O values of 0 to 5 per mil and 22 to 
25 per mil, respectively, which are typical of values associated with marine limestone (Bowman, 
1998).  The isotopic compositions of the unmineralized marbles compared to the mineralized marbles 
indicate that there was significant isotopic depletion as a result of the interaction of the hydrothermal 
fluid with the marble (Fig. 12).  Late calcite and supergene cerussite, smithsonite, and aragonite show 
heavier δ18O values than earlier formed calcite. 
 The mineralogy and mineral chemistry of the carbonate replacement and Vein 80 deposits 
can be used to determine the log fs2 conditions.  The presence of pyrite, tetrahedrite, and chalcopyrite 
indicates an intermediate sulfidation state. At a temperature of 250°C, calculated log fs2 values of -16 
to -14 are obtained.  However, fluctuations of the sulfidation state are evident based upon other 
mineral assemblages.  The presence of coexisiting enargite and pyrite with tetrahedrite group 
minerals implies a sulfidation state as high as -11, whereas the presence of coexisiting löllingite and 
pyrrhotite indicates a sulfidation state of approximately -18 (Voudouris et al. 2008b, Skarpelis 2007). 
Such fluctuations in sulfidation state is consistent with the broad range of iron contents of sphalerite 
(9 to 19 mole % FeS) coexisting with pyrite in carbonate replacement mineralization (Skarpelis, 
2007).  Such changes in sulfidation state during ore deposition may be due to small fluctuations in 
temperature or multiple pulses of sulfur-rich fluids (e.g., Barton et al., 1977; Einaudi et al. 2003; 
Skarpelis, 2007). Given the variability of the sulfides present in different orebodies in the Lavrion 
district, the formation of sulfides at different stages of the paragenetic history, and the precipitation of 
sulfides in carbonate replacement mineralization over a wide range of temperature (250o to 150oC), it 
is likely that both mechanisms may have produced the fluctuations in sulfidation state. 
The REY concentrations of fluorite from carbonate replacement deposits and Vein 80 have 
PAAS-normalized REY patterns that are hump-shaped (MREY enriched), depleted in both light and 
heavy REE, and have positive Eu and Y anomalies and negative Ce anomaly (Fig 13 a,b, and c).  
Such patterns are common for hydrothermal fluorite elsewhere (e.g., Chesley et al., 1994; Schwinn 
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and Markl, 2005).  Johanesson et al. (1996) proposed solid-liquid exchange reactions, dissolution of 
surface coatings, and sulfate complexation as possible causes of MREE-enriched patterns.   
Sverjensky (1984) and Bau (1991) proposed that positive Eu anomalies in normalized-REY 
patterns of hydrothermal minerals were the result of the mineral precipitating at a temperature of 
>250°C or that it crystallized from the fluid at low fo2 conditions.  The highest value of Th of fluid 
inclusions in fluorite is 237°C, which indicates that it likely crystallized from low fo2 conditions, 
assuming that the pressure correction to Th is small  (i.e., < 15oC).     
Based on mineral stabilities and sulfur isotope compositions of sulfides in carbonate 
replacement ores at Lavrion at a temperature of 250°C, values of log fo2 = -41 and -36, and pH = 5.5 
and 8.1 are obtained for the sulfide deposition stage in carbonate replacement deposits and Vein 80 
(shown in the shaded area of Fig. 16a). At 150oC, ranges of log fo2 = -51 and -47, and pH = 5.8 and 
8.1. If a pH value of 8 is assumed, a plot of log fo2 versus T shows that the log fo2 conditions can 
further be constrained to a maximum of -30 and that the dominant Eu species in solution is Eu2+ (Fig. 
17).  A positive Eu anomaly is also consistent with some of the REEs being derived from the 
breakdown of feldspars in spatially related granitoids and dikes.  
   The oxidation of Ce during initial weathering and in near surface environments will result in 
the deposition of CeO2 from solution (e.g., Goldberg, 1961; Chesley et al., 1994).  This process may 
be responsible for the precipitation negative Ce anomalies displayed by fluorite and is consistent with 
its precipitation from a fluid with high log fo2 values. In hydrothermal precipitates, minerals with 
negative Ce anomalies are generally associated with the entrainment of seawater in the hydrothermal 
fluid (e.g., Lottermoser, 1992; Grenne and Slack, 2005).  Whether this means that seawater was 
possibly incorporated in the hydrothermal fluid during the formation of fluorite and calcite remains 
unclear.  However in this context, the single heavy sulfur isotope value of δ34S = 9.4 per mil from 
cannot be explained by magmatic sulfur source alone.  It is possible that such a heavy sulfur isotope 
value reflects a contribution from reduced seawater sulfate, especially considering that the log fO2-
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pH conditions shown in Figure 16, derived assuming a value of δ34SΣS = 2 per mil.  Note, however, 
that a value of δ34SΣS = 0 per mil could be assumed if values of T, I, and ΣS were modified. This is 
entirely possible given the estimations made calculating the parameters required to draw Figure 16.  
Note also, however, that a seawater contribution to the hydrothermal fluid is consistent with the Y/Ho 
ratios between 40 and 80 for fluorite that fall in the range described by Bau (1994) for a contribution 
of seawater in fluorite-forming hydrothermal fluids. 
 The normalized REY patterns for calcite intergrown with sulfides and in the Upper and 
Lower marbles are flat by comparison to those exhibited by fluorite. Calcite intergrown with sulfides 
shows weak positive Eu anomalies and weak negative Ce and Y anomalies.  Samples of calcite from 
the Lower marbles show pronounced positive Eu anomalies and weak negative Ce anomalies.  The 
Upper marbles show no Eu anomaly and have weak Ce and Y anomalies.  Due to Ho being below the 
detection limits for samples Lower marbles, it was not possible to determine whether or not these 
samples possessed a Y anomaly. Voudouris et al. (2008b) reported values of Th for calcite of 136o to 
288oC, which suggests that the positive Eu anomaly was caused by temperature when >250oC and by 
low fo2 conditions when the temperature of hydrothermal fluid was <250oC.  However, it is likely that 
the positive Eu anomalies for samples of Lower marble were the result of low fo2 conditions since 
REEs are immobile under metamorphic conditions (e.g., Lottermoser, 1992).  
The marble samples analyzed here are limited in number but the REY content of the Upper 
marbles is higher than that of Lower  marbles and suggests that these two units may be different units, 
a view which is contrary to those of Photiades and Carras (2001), Kober (1929), and Avdis (1991) 
who believe that they are a single unit.  
 
Genetic Model 
 
The genetic model proposed here is centered on the presence of the large N-S trending 
detachment fault in the Lavrion district that formed as result of Miocene back-arc extension.  Such 
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extension accommodated the intrusion of a granitoid batholith into the shallow crust, the surface 
expression of which is the Plaka granodiorite and various apophyses (acid to mafic dikes and sills), 
and the formation of smaller NE-SW-, NW-SE-, and N-S-trending fractures.  The aeromagnetic data 
of Marinos and Makris (1975) and Tsokas et al. (1998) of the Lavrion district show the existence of a 
large batholith at depth in the Plaka area.   
 Low-grade porphyry molybdenite mineralization and attendant Fe-Cu skarn mineralization 
was related to an intrusion of the Plaka granodiorite. Breccia-style sulfide mineralization in the Plaka 
granodiorite was likely associated with the waning stages of crystallization during volatile escape.  
The high hydrostatic pressure allowed the granodiotite to be brecciated. Faults and fractures 
associated with extension and the intrusion of the batholith, including the large detachment fault, 
served as pathways for hydrothermal fluids and sites of deposition.  Elsewhere, in the district 
hydrothermal fluids derived from either the Plaka granitoid, the acid to mafic dikes, or both, were also 
able to travel through the permeable carbonate rocks (primarily the Lower marble), cooling along its 
pathway. The fluids ponded beneath an impermeable mica schist stratigraphically between the Upper 
and Lower marbles.  Manto-style mineralization was depositied mainly at the top of the Lower 
marble and as orebodies in the Kaeseriani schists, which occur within the Lower marble.  The ore-
forming components including sulfur, the base, precious, and trace metals, along with the 
hydrothermal fluids were largely derived from a magmatic source (i.e., granitoids and mafic to acid 
dikes) but became diluted late in the paragenetic sequence of the carbonate replacement 
mineralization and Vein 80 due to an incursion of meteoric fluids.  Although, the evidence is scant (a 
single sulfur isotope composition of 9.4‰ and negative Ce anomalies for fluorite and calcite 
intergrown with sulfides), there may have been a minor component of seawater into the hydrothermal 
system.  Interaction of the hydrothermal fluid with the host marbles likely accounts for the elevated 
Ca content of the ore fluid, as evidenced by the low eutectic temperatures of fluid inclusions in 
sphalerite and gangue minerals. 
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Comparisons with other deposits 
 
 Carbonate-replacement deposits in the Lavrion district share many similarities with intrusion-
related carbonate replacement deposits elsewhere (e.g., Megaw et al. 1988, 1996; Vikre, 1988; Beaty 
and Landis, 1990; Beaty et al., 1990; Gilg, 1993, 1995, 1996; Titley, 1996).  All of these deposits are 
spatially and genetically associated with faults and fractures that control the areas of mineralization, 
and with igneous intrusions (generally siliceous) that may be a source of the ore-forming components 
(Table 8).  The orebodies in these deposits either form mantos, chimneys, or veins.  Alteration is 
usually not pervasive, but does include carbonitization and silicification, and the ore and gangue 
minerals are invariably recrystallized.  The host-rocks are usually carbonates, but occasionally 
include sandstones and evaporites at Gilman, Colorado (Beaty and Landis, 1990) and Santa Eulalia, 
Mexico (Gilg, 1995).  The mineralogy varies between the different deposits, but most of them contain 
a variety of sulfosalts, many of which are Ag-bearing.  Gangue minerals of calcite, dolomite, quartz, 
fluorite, and barite are also common.  The ages of the deposits as well as the grade and amount of ore 
taken from each deposit are quite variable.  By comparison to MVT and Irish-type Pb-Zn deposits, 
high-temperature carbonate replacement Pb-Zn deposits typically contain much higher Ag contents 
(Fig. 15). In a plot of Ag content of the ore versus the Th of fluid inclusions in gangue and ore 
minerals the Lavrion carbonate replacement Pb-Zn deposits fall with the field of high-temperature 
carbonate replacement deposit described by Titley (1996).  Fluid inclusion homogenization 
temperatures typically range from 200° to 400°C.  The δ13C and δ18O isotope compositions of the 
mineralized carbonates commonly show depleted values and the unmineralized carbonates are near 
the values ascribed to unaltered carbonate (e.g., Beaty and Landis, 1990; Stegen et al., 1990; 
Thompson and Beaty, 1990). The δ34S isotope compositions of the Lavrion carbonate replacement 
deposits range from -4.9 to 5.3 (excluding the outlier) and mimic the range of mostly -4 to 7 per mil 
compositions reported for high-temperature carbonate replacement deposits (Gilg, 1996). 
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TABLE 4. Sulfur Isotope Data for Sulfides and Sulfates from the Lavrion District
Sample Ore Type δ34S (‰)
Location no. Pyrite Sphalerite      Galena Gypsum Barite
Kamariza - Ilarion PV1 CR -3.4
Kamariza - Ilarion PV2 CR -1.0
Kamariza - Jean Bapiste PV5 CR -2.3
Kamariza - Jean Bapiste PV6 CR -0.8
Kamariza - Jean Bapiste PV7 CR -1.5
Kamariza - Jean Bapiste PV8 CR -2.9
Kamariza - Jean Bapiste PV10 CR -3.1
Kamariza - Jean Bapiste PV12 CR -1.4
Kamariza - Ilarion PV13 CR -2.3 -2.3
Kamariza - Jean Bapiste PV18 CR -1.2
Kamariza - Jean Bapiste PV21 CR -3.1
Kamariza - Ilarion PV35 CR -1.6
Kamariza - Ilarion PV53 CR -3.0
Kamariza - Ilarion PV54 CR -2.5
Kamariza - Ilarion PV55 CR -1.8
Kamariza - Ilarion PV56 CR -3.6
Kamariza - Ilarion PV57 CR -2.6
Kamariza - Ilarion PV58 CR -1.7
Kamariza - Serpieri PV59 CR -4.3
Kamariza - Ilarion PV62 CR -2.9
Kamariza - Jean Bapiste PV70 CR -1.7
Kamariza - Jean Bapiste PV71 CR -4.9
Kamariza - Jean Bapiste PVZB5 CR -1.8
Kamariza - Jean Bapiste TB2 CR -0.8
Kamariza - Jean Bapiste TB70 CR 17.5
Kamariza - Jean Bapiste TB80 CR 23.7
Kamariza - Jean Bapiste TB81 CR -0.9
Adami PV38 Vein 80 1.3
Adami PV41 Vein 80 -0.2
Adami PV42 Vein 80 -3.2
Adami PV43 Vein 80 -1.1
Adami PV47 Vein 80 -0.1
Adami TB38 Vein 80 2.0
Adami TB39 Vein 80 1.6
Adami TB40 Vein 80 1.6
Adami TB41 CR 0.1
Christina PV52 CR -1.8
Esperanza PV60 CR 1.5
Esperanza TB29 CR 1.6
Esperanza TB31 CR 4.8 2.8
Villia (Gall. 12) TB11 CR 4.8 3.5 18.5
Villia (Gall. 12) TB12 CR 17.2
Villia (Gall. 16) TB8 CR 2.4
Notes: All values are relative the Canyon Diablo Triolite (CDT); CR = Carbonate replacement ore;
Vein 80 = Vein 80 in the Adami deposit; Sulfide and sulfates separates were cryogenically converted SO2 by
combustion with vanadium perioxide, utilizing the method of Yanagisawa and Sakai (1983)  
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TABLE 4.  (continued)
Sample Ore Type δ34S (‰)
Location no. Pyrite Sphalerite      Galena Gypsum Barite
Villia (Gall. 50) TB3 CR 4.7 3.1
Villia (Gall. 50) TB5 CR 5.3 2.9
Villia (Gall. 50) TB6 CR 5.1 4.2
Kefia Mariza TB47 CR 20.8
Sunio (Gall. 19) TB17 CR 4.3
Sunio (Gall. 19) TB17 CR 2.4
Sunio (Gall. 19) TB18 CR 2.1
Megala Pefka TB32 CR 23.5
Megala Pefka TB36 CR -2.2
Avlaki TB64 CR 2.6
Avlaki TB64 CR 3.5
Avlaki TB64 CR 9.4
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TABLE 5. Carbon and Oxygen Isotope Data from the Lavrion District
Mineralization or δ13C δ18O
Sample rock type1 Location (‰) (‰)
GPS24 Lower marble unit Ari (Kiafia Maria) 2.9 28.7
GPS25 Lower marble unit Dogani (NE Villia) 2.8 18.2
GPS9 Lower marble unit Vlachou 2.2 27.0
GPS20 Upper marble unit Agia Triade 2.7 12.7
GPS13 Upper marble unit North Eleochori 2.7 18.3
GPS22 Upper marble unit South Dimoliaki 4.6 29.3
TB27 Carbonate replacement deposit Esperanza -7.3 20.6
TB31 Carbonate replacement deposit Esperanza 4.1 13.5
TB29 Carbonate replacement deposit Esperanza 0.6 24.9
TB24 Carbonate replacement deposit Esperanza 5.2 15.0
TB26 Carbonate replacement deposit Esperanza 4.0 13.3
GPS11 Upper marble unit Esperanza 4.2 24.7
TB6 Carbonate replacement deposit Villia -5.4 2.7
TB7 Carbonate replacement deposit Villia -3.2 5.7
TB5 Carbonate replacement deposit Villia -1.8 7.7
TB9 Upper marble unit (mineralized) Villia -4.5 2.5
GPS14 Marble in Phyllite Villia 4.3 19.3
TB35 Late Calcite Megala Pefka -9.4 24.9
TB33 Late Calcite Megala Pefka -8.8 24.3
TB34 Late Calcite Megala Pefka -7.0 24.9
TB36 Late Calcite Megala Pefka -7.8 25.3
TB37 Carbonate replacement deposit Megala Pefka 2.6 13.3
GPS8 Lower marble unit (mineralized) Megala Pefka 2.1 12.2
GPS21 Upper marble unit (mineralized) Megala Pefka 1.4 11.5
TB32 Late-stage siderite Megala Pefka -0.6 23.2
PV55 Carbonate replacement deposit Ilarion (Kamariza) -1.0 11.9
PV54 Carbonate replacement deposit Ilarion (Kamariza) -0.6 11.4
PV53 Carbonate replacement deposit Ilarion (Kamariza) -0.5 13.0
PV62 Carbonate replacement deposit Ilarion (Kamariza) 1.7 12.9
PV3 Carbonate replacement deposit Ilarion (Kamariza) 1.4 13.8
PV56 Carbonate replacement deposit Ilarion (Kamariza) 3.6 13.5
PV13 Carbonate replacement deposit Ilarion (Kamariza) 1.6 12.9
PV58b2 Carbonate replacement deposit Ilarion (Kamariza) 0.5 24.2
PV12 Carbonate replacement deposit Ilarion (Kamariza) 3.5 12.8
TB51 Carbonate replacement deposit Ilarion (Kamariza) -2.6 11.1
TB50 Lower marble unit Ilarion (Kamariza) 3.0 24.9
PV20 Carbonate replacement deposit Ilarion (Kamariza) 3.7 14.4
TB57 Lower marble unit Ilarion (Kamariza) 3.9 30.0
TB100CM Late-stage calcite Ilarion (Kamariza) 2.7 24.1
TB100GS Late-stage smithsonite Ilarion (Kamariza) 0.9 26.3
PV18 Carbonate replacement deposit Jean Baptiste (Kamariza) -1.8 7.7
PV8 Carbonate replacement deposit Jean Baptiste (Kamariza) -2.1 10.4
PVZB5 Carbonate replacement deposit Jean Baptiste (Kamariza) 0.4 12.3
PV122 Carbonate replacement deposit Jean Baptiste (Kamariza) -1.3 11.2
Notes:  All carbon values measured against Vienna Pee Dee Belemnite (V-PDB).  All oxygen values
measured against Vienna Standard Mean Ocean Water (V-SMOW)
1Calcite is the carbonate in Upper and Lower Marble Units and carbonate replacement deposits  
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Table 5.  (continued)
Mineralization or δ13C δ18O
Sample rock type Location (‰) (‰)
PV10 Carbonate replacement deposit Jean Baptiste (Kamariza) -0.2 12.1
TB1 Lower marble unit Serpieri (Kamariza) 3.1 26.7
GPS4 Lower marble unit Berzeko (South Kamariza) 4.6 22.7
GPS2 Upper marble unit Berzeko (South Kamariza) 4.9 24.1
GPS17 Marble in phyllite Kamariza 2.6 21.0
GPS15 Marble in phyllite Paleokamariza 4.3 26.7
TB15 Carbonate replacement deposit Sounio 1.8 13.9
TB18 Carbonate replacement deposit Sounio 2.0 13.1
TB16 Lower marble unit (mineralized) Sounio -7.8 25.3
TB13 Upper marble unit (mineralized) Sounio 1.9 14.1
TB14 Upper marble unit (mineralized) Sounio 1.7 13.7
TB101 Late-stage aragonite Sounio -4.0 26.5
TB40 Vein calcite Vein 80 (Adami) 4.8 16.1
TB41 Vein calcite Vein 80 (Adami) -5.6 21.4
TB39 Late-stage cerrusite Adami -17.9 16.4
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